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Summary
Background: Plaque rupture plays a critical role for the development of acute myocardial infarc-
tion. However, whether quantitative parameters with regard to the cavity size of ruptured
plaque are associated with no-reﬂow (NR) phenomenon following primary angioplasty remains
to be elucidated.
Methods and results: A total of 53 patients with de novo ST-elevation myocardial infarction
(STEMI) who had plaque rupture at the culprit lesion deﬁned by pre-intervention virtual histol-
ogy intravascular ultrasound (VH-IVUS) were enrolled. Patients were divided into two groups
according to the presence of NR phenomenon: NR group (n = 19) and non-NR group (n = 34). By
VH-IVUS, we evaluated cavity length, maximum area, and volume of ruptured plaque in cul-
prit lesions. The cavity length, maximum area, and volume were signiﬁcantly higher in the NR
group than those of the non-NR group (4.8± 2.1mm vs. 2.9± 4.8mm, p < 0.001; 3.6± 1.4mm2
vs. 1.9± 0.5mm2, p < 0.001; 11.5± 6.3mm3 vs. 3.7± 2.2 cm3, p < 0.001). A multiple logistic
regression analysis revealed that the cavity volumewas an independent risk for NR phenomenon.
Receiver-operating characteristic analysis revealed that the cavity volume could predict NR
phenomenon.
Conclusions: The cavity size of ruptured plaque is closely associated with NR phenomenon in
patients with STEMI. Evaluation
for the prediction of NR phenom
© 2011 Japanese College of Car
∗ Corresponding author. Tel.: +81 895 25 1111; fax: +81 895 25 5334.
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oi:10.1016/j.jjcc.2010.08.002of the cavity volume by VH-IVUS may provide useful information
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Introduction
Mechanical reperfusion by emergency primary angioplasty
is established as the pivotal procedure in the management
of ST-elevation myocardial infarction (STEMI). However,
‘‘no-reﬂow (NR)’’ phenomenon develops in a sizable propor-
tion of patients with primary angioplasty despite epicardial
coronary artery patency [1,2]. Accumulating evidence has
clearly demonstrated that patients with NR exhibit a higher
incidence of post-infarction complications, including left
ventricular remodeling which is associated with repeat hos-
pitalization and mortality [3,4]. Therefore, prediction of NR
phenomenon is a critical issue for improving clinical outcome
in patients with STEMI.
Plaque rupture plays a critical role for coronary thrombo-
sis which causes acute myocardial infarction [5,6]. Several
studies have demonstrated that plaque rupture was found
in approximately 60—70% in patients with acute myocar-
dial infarction (AMI) [7—9]. A recent study by Kusama et
al. showed that the incidence of NR phenomenon is high
in STEMI patients with plaque rupture [10]. However, it is
still unknown whether quantitative parameters with regard
to the cavity of ruptured plaque are associated with NR
phenomenon during primary angioplasty.
Virtual histology intravascular ultrasound (VH-IVUS) (Vol-
cano Therapeutics, Inc., Rancho Cordova, CA, USA), which
characterizes plaque composition as four different pheno-
types (ﬁbrous, ﬁbrofatty, necrotic core, and dense calcium),
is clinically available to assess plaque composition. Addi-
tionally, VH-IVUS can also instantly provide the information
about the morphology of culprit plaques. To clarify the IVUS
predictors of NR phenomenon, we investigated the associa-
tion between NR phenomenon and quantitative parameters
(cavity length, maximum area, and volume) with regard to
the cavity of ruptured plaque by VH-IVUS.
Methods
Study population
A total of consecutive 53 patients with de novo STEMI
who had plaque rupture at the culprit lesion deﬁned by
pre-intervention VH-IVUS were enrolled in this study. The
inclusion criteria were as follows: (1) presentation within 6 h
of symptom onset; (2) chest pain lasting more than 30min
and resistant to nitrates; (3) more than 0.2mV ST-segment
elevation in at least 2 continuous leads on 12-lead electro-
cardiography (ECG); (4) an infarct-related coronary artery
with a reference lumen diameter over 2.5mm by visual
estimation that was deemed suitable for stent placement;
and (5) by angiography, coronary artery occlusion or sub-
occlusion (Thrombolysis In Myocardial Infarction [TIMI] ﬂow
grade less than 2 on diagnostic angiography). Patients with
left main trunk artery lesions, cardiogenic shock, and end-
stage renal disease were excluded.Primary percutaneous coronary intervention
procedure
All patients were premedicated with aspirin (200mg orally,
at the diagnosis of AMI) and clopidogrel (300mg orally,
l
t
t
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tigure 1 Scheme of intravascular ultrasound measurements.
EM, external elastic membrane.
mmediately before angioplasty), and unfractionated hep-
rin (10,000 IU) was administered intravenously just before
he procedure. Immediately after the angiography, the cul-
rit lesion was crossed with a conventional guidewire. Then,
n aspiration catheter was advanced over the guidewire,
nd the lesion was repeatedly aspirated to minimize the
esidual thrombus for accurate evaluation. A 20-MHz, 3.2-F
hased-array IVUS catheter (Eagle Eye, Volcano Therapeu-
ics) was placed distal to the lesion, and it was pulled
ack at 1.0mm/s to the proximal part of the lesion with
n auto-motorized pullback system. Stent deployment was
erformed immediately after IVUS analysis. All interven-
ional procedures were performed without distal protection
evices. At the completion of the percutaneous coronary
ntervention (PCI) procedures, TIMI ﬂow grade [11], cor-
ected TIMI frame counts (CTFC) [12], TIMI myocardial
erfusion (TMP) grade [13], and ST-segment resolution (STR)
14] were evaluated. Patients were divided into the 2 groups
ccording to the presence of NR phenomenon (ﬁnal TIMI 2:
R group) and non-NR group (ﬁnal TIMI = 3) after primary PCI
rocedures.
VUS imaging and analysis
he VH-IVUS data were recorded onto the imaging system
ard disk, and were analyzed by 2 independent investigators
ho were blinded to the clinical presentation. All measure-
ents were automatically derived from Volcano S5 imaging
ystem software (Volcano Therapeutics). Lumen and media
reas were measured. Plaque area was calculated as the
ifference between media area and lumen area [15]. We
eﬁned lesions with plaque rupture as an ulcerated plaque
ontained a cavity that communicated with the lumen, using
aline or contrast injection to detect plaque rupture [16].
ﬁssure without a cavity communicating with the true
umen was not included [16,17]. As shown in Fig. 1, the
argest intraplaque cavity was measured and extrapolated
o the ruptured capsule area; when there was thrombus in
he cavity, the area occupied by thrombus was excluded
n the cavity area measurement. The cavity length was
he distance between the proximal and distal edges of the
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Table 1 Baseline clinical and procedural characteristics.
NR group Non-NR group p-Value
Age (years) 73± 14 67± 11 0.14
Male 13(68) 29(85) 0.15
Coronary risk factor
Hypertension 15(79) 24(71) 0.51
Diabetes mellitus 5(26) 13(38) 0.38
Smoking 7(37) 16(47) 0.48
Hypercholesterolemia 9(47) 21(62) 0.33
Family history 2(11) 5(15) 0.66
Killip class 2 7(37) 2(6) 0.003
Preinfarction angina 7(37) 13(41) 0.76
Onset to admission time (min) 126± 56 129± 55 0.83
Door-to-balloon (min) 38± 17 41± 15 0.41
Reperfusion time (min) 163± 59 171± 57 0.62
Myocardial infarction location
Left anterior descending artery 13 15 0.10
Left circumﬂex artery 2 3 0.85
Right coronary artery 4 16 0.02
TIMI 0 at baseline 12(63) 19(56) 0.61
Multivessel disease 6(32) 12(35) 0.79
Rentrop grade 2 4(21) 12(35) 0.27
CTFC 51± 18 23± 6 < 0.001
TIMI perfusion grade 2 8(42) 34(100) < 0.001
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TST-segment resolution < 50% 13(68)
Peak CK (IU/l) 3369± 2
NR, no-reﬂow; TIMI, thrombolysis in myocardial infarction; CTFC,
avity. The site of plaque rupture was analyzed and classi-
ed according to the method of Hong et al. [18]: proximal
segment < 40mm from coronary ostium), middle (segment
etween 40mm and 70mm from coronary ostium), or distal
segment < 70mm from coronary ostium). The cavity vol-
mes of ruptured plaque were automatically determined
y the software, a summation of measured cross-sectional
reas in all frames of the ruptured lesion based on Simpson’s
ule. We used gray-scale IVUS for the measurement of above
laque geometrical data except for tissue characterization.
he VH-IVUS data analysis was based on gray-scale bor-
er contour calculation, and the tissue maps were provided
y the software (green = ﬁbrous: F; yellow=ﬁbrofatty: FF;
ed = necrotic core: NC; and white = dense calcium: DC). The
ndividual percentages and volumes of plaque components
n the culprit lesion were calculated. Remodeling index
as calculated as lesion divided by the proximal reference
xternal elastic membrane cross-sectional area. Positive
emodeling was deﬁned as a remodeling index > 1.0, and
ntermediate/negative remodeling was deﬁned as a remod-
ling index 1.0 [19].
tatistical analysis
uantitative variables are presented as mean± SD and
ategorical variables as percentages. Continuous variables
ere compared with the Student’s t-test and categorical
ata with the Fisher’s exact or chi-square tests. Cor-
elation between total plaque volume and each plaque
omposition was evaluated using linear regression models.
eceiver-operating characteristic (ROC) analysis was used
r
c
n
i
s12(35) 0.02
2604± 1538 0.29
cted TIMI frame counts; CK, creatine kinase.
o determine the optimal cut-off value for each plaque
omponent volume for the prediction of the angiographic
R phenomenon after primary PCI. The cut-off point was
eﬁned as the greatest sum of the sensitivity and speci-
city estimates. The area under the ROC curve (AUC) was
sed as a measure of test accuracy. Univariate and logistic
egression analyses were used to identify predictors of NR
henomenon. Covariables examined included clinical char-
cteristics (age, gender, presence of preinfarction angina,
lapsed time from symptom onset to reperfusion, and coro-
ary risk factors), angiographic characteristics (distribution
f culprit lesions), and qualitative VH-IVUS ﬁndings (plaque
orphology, plaque composition, site of plaque rupture, and
ize of ruptured plaque cavity). Univariate variables with a
alue of p < 0.2 were entered into the multivariate models.
ll statistical analyses were performed with SPSS software
SPSS, Inc., Chicago, IL, USA). All p-values <0.05 were con-
idered statistically signiﬁcant.
esults
aseline clinical and procedural characteristics
aseline clinical and procedural characteristics are listed in
able 1. There were no signiﬁcant differences in coronary
isk factors between the 2 groups. The frequency of Killip
lass 2 was signiﬁcantly higher in the NR group than the
on-NR group (37% vs. 6%, p = 0.003). There was no signif-
cant difference in the incidence of preinfarction angina,
ymptom onset to admission time, door-to-balloon time, and
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Table 2 Virtual histology intravascular ultrasound ﬁndings between no-reﬂow (NR) group and non-NR group.
NR group Non-NR group p-Value
Minimum luminal area site
Minimum luminal diameter (mm) 2.3 ± 0.3 2.1 ± 0.3 0.11
Plaque area (mm2) 15.0 ± 4.7 13.8 ± 4.6 0.38
Plaque burden (%) 74.3 ± 7.8 74.8 ± 6.1 0.80
Remodeling index 1.26 ± 0.17 1.16 ± 0.24 0.10
Percentages
Fibrous (%) 59.0 ± 12.4 62.9 ± 10.6 0.25
Fibrofatty (%) 17.7 ± 14.3 12.2 ± 7.1 0.06
Dense calcium (%) 8.8 ± 7.9 8.7 ± 6.4 0.97
Necrotic core (%) 14.5 ± 8.5 16.2 ± 7.2 0.45
Absolute areas (mm2)
Fibrous (mm2) 1.3 ± 0.2 1.3 ± 0.2 0.77
Fibrofatty (mm2) 12.8 ± 9.4 9.2 ± 5.5 0.09
Dense calcium (mm2) 1.7 ± 1.7 1.6 ± 1.8 0.95
Necrotic core (mm2) 2.1 ± 1.5 2.2 ± 1.1 0.77
Thrombus (%) 42 62 0.18
Volumetric analysis
Plaque volume (mm3) 94.9 ± 43.5 110.3 ± 41.4 0.22
Plaque burden (%) 60.4 ± 6.9 62.8 ± 5.0 0.19
Percentages
Fibrous (%) 57.5 ± 11.0 61.2 ± 10.8 0.25
Fibrofatty (%) 14.8 ± 9.7 13.4 ± 8.1 0.58
Dense calcium (%) 11.3 ± 9.0 10.2 ± 7.2 0.63
Necrotic core (%) 15.8 ± 7.6 15.3 ± 6.0 0.81
Absolute volumes (mm3)
Fibrous (mm3) 57.0 ± 33.3 67.5 ± 29.7 0.26
Fibrofatty (mm3) 14.7 ± 11.5 15.0 ± 11.7 0.92
Dense calcium (mm3) 9.3 ± 6.0 11.0 ± 8.8 0.40
Necrotic core (mm3) 13.7 ± 6.7 16.8 ± 10.0 0.18
Cavity size of ruptured plaque
Cavity length (mm) 4.8 ± 2.1 2.9 ± 4.8 <0.001
1.4
6.3
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Cavity volume (mm3) 11.5 ±
reperfusion time. The frequency of the culprit lesion in right
coronary artery (RCA) was lower in the NR group than in
the non-NR group (21% vs. 47%, p = 0.02). There was no sig-
niﬁcant difference in peak creatine kinase between the 2
groups. The CTFC was signiﬁcantly prolonged in the NR group
compared to the non-NR group (51± 18 vs. 23± 6, p < 0.001).
The frequency of STR < 50% was higher in the NR group than
in the non-NR group (68% vs. 35%, p < 0.001).
The differences in plaque morphology and plaque
composition by VH-IVUS between NR group and
non-NR group
Table 2 lists the morphological ﬁndings of the culprit
lesion in the NR and non-NR groups by VH-IVUS following
thrombus aspiration. There was no signiﬁcant difference
in plaque area between the 2 groups. There was no sig-
niﬁcant difference in the degree of positive remodeling
and plaque volume between the 2 groups. In addition,
there were no signiﬁcant differences in the percentages
and volumes of each plaque composition between both
groups. The cavity size of ruptured plaque (length, max-
t
t
p
p
s1.9 ± 0.5 <0.001
3.7 ± 2.2 <0.001
mum area, volume) was signiﬁcantly larger in the NR
roup than the non-NR group (4.8± 2.1mm vs. 2.9± 4.8mm,
< 0.001; 3.6± 1.4mm2 vs. 1.9± 0.5mm2, p < 0.001; and
1.5± 6.3mm3 vs. 3.7± 2.2mm3, p < 0.001). Representative
xamples of IVUS images in patients with or without NR
henomenon are shown in Fig. 2.
he relation between the site of plaque rupture
nd no-reﬂow phenomenon
he site of plaque rupture is shown in Table 3A. The left
nterior descending artery (LAD) plaque rupture was pre-
ominantly located in the segment < 40mm from the LAD
stium (68%). The left circumﬂex artery (LCX) plaque rup-
ures were evenly distributed through entire LCX. Most RCA
laque ruptures were located in the segment < 40mm and in
he segment > 70mm from RCA ostium (44% and 39%, respec-
ively). Table 3B demonstrates the site of plaque rupture in
atients with NR phenomenon. In NR group, the LAD and RAC
laque ruptures were predominantly located in the proximal
ite (77% and 75%, respectively).
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Bigure 2 Representative examples of intravascular ultrasou
omenon. Representative cases with images of gray-scale IVUS.
VUS determinants of NR phenomenon after
rimary PCI
o clarify the IVUS predictor for NR phenomenon, we per-
ormed multiple logistic regression analysis. As a result, the
avity volume of ruptured plaque was the only indepen-
ent predictor of NR phenomenon following primary PCI in
atients with STEMI who had plaque rupture at the culprit
esion (odds ratio 1.6, p < 0.001) (Table 4).
OC analysis of the volume of ruptured plaque
avity for prediction of no-reﬂow after primary PCI
e performed ROC analysis to determine the diagnostic
ccuracy of the volume of ruptured plaque cavity for pre-
icting NR phenomenon after primary PCI (Fig. 3). The AUC
f the cavity volume of ruptured plaque was 0.862. The opti-
al cut-off point of the cavity volume of ruptured plaque for
rediction of NR phenomenon was 7.8mm3 with a sensitivity
f 78.9%, and a speciﬁcity of 94.1%.
p
N
n
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Table 3 The site of plaque rupture (overall and in patients with
(A) Overall
LAD (n = 28)
Proximal 19(68)
Mid 9(32)
Distal 0(0)
(B) In NR group
LAD (n = 13)
Proximal 10(77)
Mid 3(23)
Distal 0(0)
NR, no-reﬂow; LAD, left anterior descending artery; LCX, left circumﬂIVUS) images in patients with or without the no-reﬂow phe-
, left anterior descending artery.
elationship between incidence of the NR
henomenon and combination of culprit plaque
ocation and cavity volume
ig. 4 demonstrates the incidence of NR phenomenon in four
ubjects categorized by combination of culprit plaque loca-
ion and cavity volume. Among four subjects, the incidence
f NR phenomenon was 4.8-fold greater in patients with
roximal location and large cavity volume than in patients
ith distal location and small cavity volume.
iscussion
y VH-IVUS, we elucidated that (1) the volume of ruptured
laque cavity is an independent predictor for angiographic
R phenomenon in patients with STEMI, and (2) the combi-
ation of larger cavity volume and more proximal location
f plaque rupture are associated with higher incidence of
ngiographic NR phenomenon.
no-reﬂow phenomenon).
LCX (n = 7) RCA (n = 18)
2(29) 8(44)
2(29) 3(17)
3(39) 7(39)
LCX (n = 2) RCA (n = 4)
0(0) 3(75)
2(100) 1(25)
0(0) 0(0)
ex artery; RCA, right coronary artery.
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Table 4 Multiple logistic regression analysis for no-reﬂow phenomenon following primary percutaneous coronary intervention.
Variables Odds ratio 95%CI p-Value
Cavity volume of ruptured plaque 1.56 1.24—1.96 <0.001
the p
aque
urve
o
g
b
w
r
oFigure 3 Receiver-operating characteristics (ROC) curves for
the good diagnostic value of the cavity volume of ruptured pl
segment elevation myocardial infarction. AUC, area under the c
Despite established evidence that primary PCI is an effec-
tive treatment for STEMI [20,21], 10—20% of cases with
primary PCI result in NR phenomenon, which is character-
ized by impairedmyocardial perfusion [1,2] and is associated
with poor prognosis [3,4]. Various mechanisms are thought
to be responsible for NR phenomenon [22]. Rupture of
atherosclerotic plaque along with subsequent thrombus for-
mation has been recognized as the most reliable mechanism
for acute coronary syndrome [5,6]. In addition, the embolic
particles including intracoronary thrombus and disrupted
plaque contents play a critical roles in distal embolism
c
n
t
p
Figure 4 Relationship between the site of plaque rupture and the
The incidence of no-reﬂow phenomenon is high in the group with th
of ruptured plaque.rediction of no-reﬂow phenomenon. ROC curves demonstrated
in predicting the no-reﬂow phenomenon in patients with ST-
; CI, conﬁdence interval.
bserved in acute coronary syndrome. Recent conventional
ray-scale IVUS studies have shown the close relationship
etween plaque rupture and NR phenomenon in patients
ith STEMI [10,23]. They have demonstrated that the plaque
upture is linked with larger infarcts and higher incidence
f NR phenomenon. However, the relationship between the
avity size of ruptured plaque and the incidence of NR phe-
omenon in STEMI has not been elucidated.
The residual cavity following plaque rupture is thought
o be nearly identical to the lipid-pool of atherosclerotic
laque observed by IVUS. An autopsy study by Virmani
cavity volume of ruptured plaque for no-reﬂow phenomenon.
e proximal site of plaque rupture and the large cavity volume
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t al. demonstrated that ruptured plaques have larger
ecrotic core size, higher number of cholesterol clefts, and
acrophage inﬁltration than in erosive plaques in patients
ith sudden coronary death [7]. The necrotic core compo-
ent contains fragile tissue, such as lipid deposition with
oam cells, intramural hemorrhage, and cholesterol crystals,
o they are thought to be easily released into the distal coro-
ary artery when the vulnerable plaque at the culprit lesion
uptures, and these provokemyocardial impairment [24,25].
he present study demonstrated that the volume of plaque
avity is an independent predictor of NR phenomenon, and
avity volume over 7.8mm3 could predict NR phenomenon
ith signiﬁcant accuracy. Our data also provide the IVUS evi-
ence that larger ruptured plaque may cause more severe
icrovascular dysfunction and higher incidence of NR phe-
omenon.
A report with distal protection devices revealed that not
nly thrombus but also liberated plaque debris released
rom mechanically disrupted vulnerable plaque during stent
eployment contributed to the ﬂow complication observed
n primary angioplasty [26]. Kawaguchi et al. demonstrated
hat the necrotic core volume predicted the ST-segment re-
levation after stent implantation in primary angioplasty
24] suggesting that composition of residual plaque before
tent implantation was one of the important predictors for
he distal embolization during PCI. Our previous report using
H-IVUS demonstrated that plaque composition is closely
elated to the incidence of NR phenomenon [27]. In the
resent study, there were no signiﬁcant differences in each
laque component between NR group and non-NR group, and
esidual plaque components after thrombus aspiration had
o signiﬁcant inﬂuence on the incidence of NR phenomenon
ollowing stent implantation. Our data indicate that the
avity volume of ruptured plaque was closely associated
ith NR phenomenon. With the development of plaque rup-
ure, enhanced thrombogenic activity caused by exposure
o inﬂammatory and vasoactive contents contained within
laque cavity may induce acute luminal occlusion with large
mounts of thrombus. In addition, pro-inﬂammatory sub-
tances are easily released into the distal coronary tree
hen the vulnerable plaque at the culprit lesion ruptures,
nd these distally embolized pro-inﬂammatory particles may
rovoke myocardial damage prior to coronary arterial occlu-
ion.
An angiographic study demonstrated that the location of
laque rupture tends to cluster within the proximal third of
ach coronary artery in patients with STEMI [28]. Recently,
ong et al. analyzed 392 patients to determine the distribu-
ion of plaque rupture by three-vessel IVUS study [18]. They
evealed that the plaque rupture occurred mainly in proxi-
al segment of the LAD and RCA, and in the entire segments
f LCX. In our study, the majority of plaque rupture located
roximally in LAD and RCA, and the distribution of plaque
upture was similar to the report of Hong et al. Further-
ore, in patients with NR phenomenon, the site of plaque
uptures distributed more proximally in LAD and RCA (77%
nd 75%, respectively) in the present study. Kusama et al.
howed that the presence of plaque rupture at the proximal
ite correlated well with left ventricular dysfunction in the
hronic phase in patients with STEMI [10]. Taking these into
onsideration, myocardial damage in patients with plaque
upture at the proximal site is more severe, and incidenceK. Ohshima et al.
f NR phenomenon is more frequent than those with plaque
upture at a distal location.
In our study, greater cavity volume in conjunction with
roximal location of culprit plaque was closely associated
ith higher incidence of NR phenomenon. We stratiﬁed our
atients into four quartiles based on cavity volume and loca-
ion of culprit plaques, and patients in the upper quartile,
.e. with large cavity volume and proximal site had a 7.8-fold
ncrease in NR phenomenon as compared with those with
mall cavity volume and distal location. Thus, the combina-
ion of location of plaque rupture and cavity volume seems
o provide further diagnostic information for predicting NR
henomenon in patients undergoing primary PCI.
tudy limitations
he present study had several clinical limitations. First, it
as a single-center retrospective study with a relatively
mall number of patients. This might inﬂuence the dis-
ersion of the infarct-related artery, particularly in RCA.
econd, there is a possibility that the cavity size of rup-
ured plaque was underestimated because of residual mural
hrombus. In a recent optical coherence tomography (OCT)
tudy, the incidence of plaque rupture and intracoronary
hrombus by OCT was higher than that detected by IVUS
9]. Therefore, some patients with STEMI due to plaque
upture may be underestimated. Further evaluation with
istopathology or other diagnostic modalities such as coro-
ary angioscopy and OCT is required to conﬁrm our results.
onclusions
he cavity size of ruptured plaque is closely associated
ith angiographic NR phenomenon in patients with STEMI.
valuation of cavity volume by VH-IVUS may provide useful
nformation for the prediction of NR phenomenon in primary
CI in patients with STEMI.
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